Abstract-The modeling, simulation, fabrication, and testing of a microchannel cooling plate for microelectronic packaging applications are described in this paper. The cooling component uses forced convection of gas injected inside 128 microchannels of 100-m width and 70-m height. The nickel-based plate is fabricated on a glass substrate using a two-layer electroforming process using UV-LIGA technology. The thermal behavior of the microchannel cooling device is investigated by using the measurement of partial thermal resistances through the use of the structure functions method. Heat transfer coefficient values of 300 W/m 2 K have been measured for a nitrogen flow rate of 120 l/h.
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I. INTRODUCTION
T HE RAPID advances in transistor density and switching frequency of VLSI circuits as encountered in microprocessors have induced dramatic increases in die heat flux and power consumption at all levels of electronic packaging [1] , [2] . Such increases in thermal dissipation have motivated the demand for more efficient cooling mechanisms at the die, component, PCB, and system levels [3] . Of interest in this paper are heat sinks which are low cost, mass produced and can be potentially manufactured and assembled on a wafer scale [4] . More specifically, the research presented here concentrates on single-phase forced-convection heat sinks based on microchannel plates [5] which receive forced-air convection from a 3-D electromagnetic microfan manufactured using microengineering techniques. Details of the fan construction are given in [6] .
The concept of microchannel cooling is over 25 years old [7] , [8] . The idea of microfabrication of micro cooling channels using an axisymmetric configuration was first reported by Joo, Dieu, and Kim at the IEEE MEMS'95 meeting [9] . In their work, the channels are only 8-10 m high and their width is only 5-10 m. However, the system presented in this paper is a new application of the UV-LIGA process consisting of growing a doubly electroformed layer of nickel for the base and the microchannels, respectively. The channel dimensions are approximately 70 m high and 100 m wide. The emphasis of this work is in presenting a cost-effective solution that can potentially be manufactured directly on the back of a wafer used to grow electronic chips thereby allowing a reduction in the number of interfaces.
In addition, the purpose of this paper is to present a suite of unique thermal characterization techniques that can be applied to various thermal management problems in the microelectronics as well as the MEMS industry. Prior publications on advanced forced-flow cooling solutions (such as [10] , for example) dealt mainly with the characterization of the flow. In this paper, a thermal characterization method of cooling assemblies is presented through the example of a nickel-based radial microchannel cooling plate [6] . The devices described in [3] are in the channel diameter range of 250-1000 m, whereas the characteristic width and height of the cooling channel is 100 m and 70 m, respectively. Section II gives a description of the design and manufacturing process performed to create such devices. These cooling elements are modeled in Section III using analytical equations and finite-element analysis (FEA) in order to assess the flow rate as a function of the pressure of the liquid or gas input into the channels. Section IV presents the experimental setup and testing procedures used to measure the flow rate. The thermal characteristics of the micro-cooler are presented in Section V by thermal transient measurements. Conclusions are summarized in Section VI.
II. MANUFACTURING OF THE MICROCHANNEL COOLING PLATE
The microchannel cooling plate studied is shown in Fig. 1 . The plate supports a total of 128 channels each 100 m wide that radiate from the center outwards. The shortest channel length is 4.5 mm and the longest is 7.61 mm. The side of the square plate is 15 mm in length and its thickness is 130 m as measured from its base to the top of the channels. The support is 60 m thick thus providing 70 m of depth for the channels. A 6-mm diameter hole is located at the center of the plate for the fan to be fitted in. Details regarding the manufacturing of the fan can be obtained in [6] . The whole channel plate is made using a two-layer electroforming UV-LIGA process. Two photo masks, designed with the CAD-software layout edit (L-EDIT) are used for the holes and the channels.
A. Fabrication of the First Layer
The first layer defines the base of the cooling plate and the position of the center holes. Fig. 2 shows the fabrication process. First a 3-in glass wafer is thoroughly cleaned and then dried in an oven at 60 C for 20 min. After cooling to room temperature, a positive photoresist AZ 9260 is spin-coated on to the wafer with a spin speed of 2800 rpm for 20 s. A delay of 4 min is allowed for the photoresist to settle down on the wafer before baking. The wafer is then baked in two steps on a hot plate to evaporate the solvent; the first step is at 78 C for 20 s and then at 103 C for 330 s. The wafer is then removed from the hot plate and allowed to cool down to room temperature for about 40 min before UV-exposure. An exposure dosage of 800 mJ/cm at the I-line is used to expose the photoresist. After exposure, the wafer is developed using diluted AZ400K developer for 4 min (the ratio of AZ developer to deionized water is 1:3). As a result, a 5-6 m thick layer of photoresist is achieved. A 300-nm thick titanium layer is then deposited onto the photoresist using an electron-beam evaporator. Then a liftoff process is conducted by stripping off the photoresist in EC solvent and thus the center holes for the microchannel cooler are defined where should be no titanium layer. This layer constitutes the seed conductive layer for the subsequent electroplating processes. Nickel is then electroformed on to the titanium seed layer with a low current of 68 mA for 2 h, followed by a higher current of 198 mA for about 14 h. As a result, a 60-m-thick electroplated nickel layer is achieved for the first layer as shown in Fig. 2 .
B. Fabrication of the Second Layer
The second layer defines the microchannels and the fabrication process for the second layer is shown in Fig. 3 . After finishing the electroplating of the first layer, the wafer is then cleaned and dried with deionized water. A 70-m photoresist is then deposited onto the wafer by a two-layer coating process. For each layer, a spin speed of 1000 rpm and spin time of 8 s are used. In between the two-layer coating, a prebaking stage was conducted at 68 C for 30 s, then at 80 C for 20 s, and finally at 103 C for 3 min. After coating the second layer, the same prebaking parameters are applied except that the time at 103 C is increased to 6 min. After baking, the wafer is removed from the hot plate and allowed to cool down to room temperature for 1 h before exposure. The second mask is aligned with the first pattern with the help of mask alignment marks on the wafer and mask. The wafer is then exposed to UV light with an energy dose of 2200 mJ/cm . After exposure, the wafer is developed in AZ 400 K developer for 12-16 min. Nickel is then electroplated again to obtain a microchannel thickness of 70 m with a current of 68 mA for 2 h followed by a current of 128 mA for 16 h. The photoresist is then stripped off using an organic solvent in an ultrasonic bath to obtain the desired microchannels. Finally, the electroplated nickel microchannel device structure is lifted off resulting in the successful fabrication of the cooling plate as shown in Fig. 1 (SEM pictures of the micro-cooler channels near to the middle hole can be seen in Fig. 4) . The walls and the bottom side of the channels are sufficiently smooth so as not to disturb the gas flow through the channels.
III. DETERMINATION OF THE FLOW RATE THROUGH THE MICRO-COOLER

A. Incompressible Analytical Solution
The volumetric flow rate (m /s) for isothermal, fully developed, incompressible, laminar flow through a rectangular duct can be expressed as a function of the pressure gradient (Pa/m) as follows [11] : (1) where is the dynamic viscosity of the fluid (Ns/m ) and and are the width and height of the channel, respectively. The present micro-cooler has a total of 128 radial channels but by taking advantage of symmetry, only 15 full channels and two half-channels (i.e., one-eighth of the total number) need to be considered when determining the flow rate through the device. With a fixed pressure applied to the central inlet aperture, the pressure gradient in each of the channels will be different due to the varying channel lengths. The total volumetric flow rate can thus be estimated by summing the contribution from each of the individual pressure gradients. Once the total volumetric flow rate is known, it can readily be converted into a mass flow rate by multiplying by the density of the fluid.
B. Computer Simulations
Computational fluid dynamics (CFD) simulations have been used to provide a better estimate of the flow rate through the micro-cooler. The aim of the CFD simulations was to provide an understanding of the mass transport through the device rather than a detailed thermal characterization. The numerical simulations employed the finite-element analysis (FEA) software package from ANSYS, Inc., and the commercial computational fluid dynamics solver, CFD-ACE+ from ESI-CFD [12] . To reduce the computational cost of the simulations, only one-eighth of the micro-cooler was considered and symmetry boundary conditions were applied along the center line of the shortest (4.5 mm) and longest (7.61 mm) channels.
When considering the flow conditions in noncircular ducts, the Reynolds number is usually defined using the hydraulic diameter as the characteristic length scale [11] , i.e., area wetted perimeter
The Reynolds number can then be defined as follows:
where is the fluid density (kg/m ) and is the average velocity through the duct (m/s). In the present study, the Reynolds number was found to vary between approximately 50 and 1500, implying the flow within the micro-cooler is laminar. In addition, the Knudsen number at the outlet, defined as (4) where is the mean free path of the gas molecules, was found to be less than , implying that the no-slip/no-temperature-jump boundary conditions used in conventional (continuum) fluid mechanics are valid [13] . The simulations using CFD-ACE+ were performed by varying the overall pressure difference across the device by systematically changing the inlet pressure while keeping the outlet pressure fixed at atmospheric. In contrast, the simulations using ANSYS were performed by specifying a fixed atmospheric pressure at the downstream boundary and varying the mean flow velocity across the inlet aperture. In both cases, isothermal boundary conditions were implemented along the channel walls.
The simulations using CFD-ACE+ employed a grid composed of 16 16 cells for the channel cross section and 100 cells along the length of each channel giving a total of approximately 440 000 cells for the one-eighth symmetry domain ( 3.5 million cells for the entire micro-cooler). This was sufficient to gather reliable flow data and was a compromise between accuracy and time to solution. The choice of grid size was based on extensive experience gained from previous validation studies on a range of two-and three-dimensional laminar flows. Similarly, the ANSYS simulations employed 6 8 cells for the channel cross section and 128 cells along the length of each channel. Both sets of CFD simulations accounted for a number of important factors that cannot be modeled using the incompressible, fully developed, analytical solution shown in (1). For example, the numerical simulations were able to account for density/temperature variations and were able to model the pressure losses at the entrance to the channels.
Two sets of flow results are presented in Fig. 5 . Set A shows the experimental and simulated (ANSYS) results for the flow velocity at the inlet aperture versus the applied pressure. It can be seen that both the experimental and simulated results show a nonlinear trend of inlet velocity against applied pressure-a common feature of compressible flows. However, by recasting the data in terms of the mass flow rate (Set B), the experimental and simulated results then show an almost linear variation of mass flow rate against applied pressure. Set B shows that the incompressible analytical solution is in very good agreement with the experimental data up to a pressure of approximately 0.25 bar. Thereafter, the deviation becomes larger due to the fact that the analytical solution fails to account for hydrodynamic losses at the entrance of the microchannels. In addition, the incompressible flow assumption embedded in (1) starts to break down at higher pressure ratios. It can be seen that the results presented in Fig. 5 (Set B) suggest that the chosen grid resolution for the CFD predictions is sufficient because the analytical solution and the CFD solution are in excellent agreement at the lower flow rates when compressibility effects and entrance losses are minimal. One might note that data Set A for flow velocity has a larger deviation between simulated and experimental results than that of data Set B. The reasons for this de- viation are twofold. First, the cross section of the microchannel is nonrectangular and this is not taken into account in the simulation. More importantly, when recasting the flow velocity in terms of the mass flow rate, a varying density of the gas at different pressure and therefore different flow velocity was used. The resulting curve of data Set B for mass flow rate shows a more linear trend and a relatively little deviation between experimental and simulation results. Fig. 6 shows the experimental setup used in the measurement of the pressure drop in the microchannels. The pneumatic system supplying nitrogen to the test sample consists of a standard oxygen-free nitrogen supply with regulator, a second regulator for fine pressure control, a gas flow meter, pressure gauge, and purpose-built fitting to supply the gas to the sample aperture. The fine adjustment regulator is a Parker PD3 diaphragm type; the flow transducer is a Weber type 3202 meter and the pressure gauge is a Sandhurst LH44. All components are connected in series using 5-mm ID flexible plastic tubing. The design of the supply tube allows the gas to be supplied at one end and the opposite end mates with the central aperture and seals with a fitted rubber "O" ring. The tube is mounted vertically and attached to a micrometer translator, which allows the tube end to be held firmly against the sample without leaking.
IV. MEASUREMENT OF THE MICRO-COOLER FLOW RATE
The microchannel sample was mounted on a firm glass substrate base, with the channels facing towards the substrate; this effectively closes the channels and allows the gas to flow from the central cavity, through the channels and out into free space. Gas flow was then initiated and the pressure adjusted to produce the maximum gas flow to give a full-scale reading on the flow meter which has a resolution of 0.01 m/s. A flow of 5 m/s corresponds to a 20-mA reading from the output circuit. A pressure reading is then taken. The regulator is then adjusted to reduce the flow by a small amount and new pressure and flow rate readings are taken. This process was then repeated many times until the readings reached a zero flow measurement. A graph of pressure against flow rate was then plotted. Several identical tests were conducted on the same sample to check for repeatability. An additional test was conducted to check the flow from the device and establish that all channels were operating and that there were no leaks at the device inlet. This was done by submerging the entire microchannel device in a few centimeters of water to allow a visual check for bubbles from all channel ends.
V. DEVICE THERMAL TRANSIENT MEASUREMENT
A. Measurement Setup and Procedure
The efficiency of the microchannel cooler can be characterized either by its thermal resistance or its heat-transfer coefficient. In order to measure the thermal resistance, the microcooling plate is attached to a heat-dissipating element, in this case a BD245C power transistor, as shown in Fig. 7 . A flat surface copper plate of 15 15 2 mm is used as a heat spreader. The micro-cooler is mounted so that the channels were facing the flat copper plate or the heat-flow sensor. The gas supply tube, seamlessly joined to a silicone rubber sheet ensured the cooling gas flows to the central (fan) hole. The rubber sheet protected the micro-cooler plate from breaking. Both the powering of the transistor and sensing its temperature change was carried out using a T3Ster thermal transient tester. 1 The heat-flow map provided by the sensor array was recorded during the measurements. Measurement of the operating transistor temperature rise together with knowledge of the applied electrical power step and temperature rise of the junction are used for the calculation of the junction-to-ambient thermal resistance (5) By repeating this measurement at different flow rates of the coolant gas, the variation of the thermal resistance as a function of the flow rate can be obtained. The junction temperature rise of the transistor can be identified by the principles of the electrical test method [14] . The forward voltage of the emitter-base junction is a temperature-sensitive parameter whose sensitivity is determined in a calibration process by letting a small sensor current (e.g., 1 mA) flow across the junction. The value of must be measured from steady-state to steady-state. The thermal resistance identified in this fashion includes unwanted thermal resistances of the transistor, copper heat-spreader and microcooling plate.
The calculation of thermal resistance of the micro-cooler and its support assembly can be obtained by using structure functions determined through thermal transient measurements [15] , Fig. 10 . Change of thermal resistance with respect to the flow-rate through the micro-cooler. [16] . The continuous measurement of the temperature contains all available information about the junction-to-ambient heat conduction path, starting from the transistor junction up to the micro-cooling plate and its support assembly. In our setup most of the dissipated power is directed towards the micro-cooler as the power transistor is placed on to an insulating pedestal. In order to cross-verify the measured results, a heat-flow sensor array is also inserted between the micro-cooler and the copper heat-spreader as shown in Fig. 7 . The heat-flow sensor array introduces only a negligible serial thermal resistance. The parasitic heat-flow across the insulating pedestal is negligible, but can also be measured during the structure-function-based evaluation as described in [18] . The concept of extracting information from the high resolution, noise-free thermal transients is well documented in a number of publications [14] - [18] and will not be reproduced here. Fig. 8(a) represents the differential structure function of the power transistor/microchannel cooler setup of Fig. 7 when no gas flows through the cooler. Fig. 8(b) shows the details of the experiment setup. The origin of the curve always corresponds to the junction and the function always ends with a singularity indicating the infinite thermal capacitance of the ambient. Peaks in the differential structure functions indicate transitions between material regions which constitute interfaces of the major elements of the setup heat-flow path. Even structural elements inside the transistor package can be identified. The last peak is interesting, since it shows the thermal interface between the copper heat-spreader and the micro-cooler with its support assembly. While the singularity shows the thermal interface between the micro-cooler and the ambient. Thus the distance between the last peak location and the singularity gives the thermal resistance between the micro-cooler and the support structure.
A resulting lumped element model of the device under test can subsequently be extracted from the structure function. 
B. Measurement Results
In order to measure the thermal characteristics of the micro-cooler, the transistor is first heated up and allowed to reach a steady state. The power step applied to the transistor is 3.5 W. The cooling gas flow is then started and the cooling transients at different flow rates are recorded. The thermal transient responses are measured at different gas flow rates (from 0 l/h to 120 l/h). The ambient air temperature of the laboratory is 23.5 C and the air pressure is 1.006 bar. Each measured thermal transient is evaluated and the corresponding structure functions generated. The boundaries between the different regions of the heat-flow path are well pronounced as peaks in the differential structure function shown in Fig. 9(a) . The thermal resistance between the copper heat-spreader/micro-cooler interface and the ambient can be identified in this way. The thermal characteristics of the micro-cooler and its support assembly thermal resistance and capacitance values, respectively) are better read from the cumulative structure functions as shown in Fig. 9(b) . The change of the thermal resistance with respect to the change of flow rate is identified from the cumulative structure function, as shown in Fig. 10 .
The measured thermal resistance is presented in Fig. 10 as a function of the flow rate. This part of the thermal resistance corresponds to the heat transfer due to the gas flow in the microchannels only. With a small change in the flow rate, smooth changes occur in the lumped thermal resistance value of the cooler setup. At 120 l/h however, the shape of the structure function significantly differs from the other functions (see Fig. 10 ). This suggests that, around these flow rate values, some characteristic changes take place in the gas-flow. It can also be seen from Fig. 10 that the larger the flow rate, the smaller the thermal resistance. The differential structure function reflects the thermal resistance distribution in the heat flow path. As can be seen, the thermal resistance of the micro-cooler is the largest, with a value of around 12.5 K/W while for the other components, the thermal resistance is very small and the sum of the resistance for all of these components (including the copper heat spreader and the transistor) is only 2 K/W.
Once the thermal resistance of the micro-cooler is obtained, the effective heat transfer coefficient of the micro-cooler can be calculated by the following formula [19] (6) where , , and is the heat coefficient, thermal resistance, and cross section area of heat-conduction path of the microchannel cooling plate. By applying the above formula, the effective heat transfer coefficient of the micro-cooler was calculated as 300 W/m K at a flow rate of 120 l/h. The values of the effective heat transfer coefficient of the micro-cooler at different flow rates have been calculated by above formula and are shown in Fig. 11 .
VI. CONCLUSION
A novel method of fabricating microchannel cooling plates using a cost-effective UV-LIGA process has been demonstrated. Testing of the flow rate of the device has been successfully carried out using an in-house test rig. The measurements of the flow rate agree very well with the modeling and simulation results of the whole device carried out by analytical and FEA methods. With the help of structure functions, the thermal resistances of the test setup, and the micro-cooler plate itself were measured. The thermal characteristics (resistance and capacitance) of the device at different flow rates were also obtained. The sudden change observed in the shape of the structure functions suggests that at a certain flow rate, the nature of the flow inside the microchannel cooler changes. The heat-transfer coefficient versus flow rate functions has been obtained by the structure functions.
